ABSTRACT: Intact protein analysis via top-down mass spectrometry (MS) provides a bird's eye view over the protein complexes and complex protein mixtures with the unique capability of characterizing protein variants, splice isoforms, and combinatorial post-translational modifications (PTMs). Here we applied capillary electrophoresis (CE) through a sheathless CE−electrospray ionization interface coupled to an LTQ Velos Orbitrap Elite mass spectrometer to analyze the Dam1 complex from Saccharomyces cerevisiae. We achieved a 100-fold increase in sensitivity compared to a reversed-phase liquid chromatography coupled MS analysis of recombinant Dam1 complex with a total loading of 2.5 ng (12 amol). Nterminal processing forms of individual subunits of the Dam1 complex were observed as well as their phosphorylation stoichiometry upon Mps1p kinase treatment.
■ INTRODUCTION
Cellular processes are driven by molecular interactions. These include the stable association of proteins as part of a functional complex as well as the transient association proteins, such as a kinase with its substrates, leading to their phosphorylation. Disruption of these molecular interactions can lead to disease; therefore, understanding how proteins associate with one another and the consequence of these associations is of great interest. Mass spectrometry (MS)-based proteomics has grown to become a major analytical tool for the study of biologically relevant protein−protein interactions and protein PTMs.
The prevailing MS approach in the proteomics field employs proteolytic digestion of samples into peptides that are then separated, analyzed, and used to infer protein identity. Although this bottom-up MS approach is high-throughput, proteoform information pertaining to variants, splice isoforms, and combinatorial PTMs are often lost after proteolysis. 1, 2 Additionally, protein processing events and unexpected PTMs are often missed during standard bottom-up MS analysis. These important protein features are better addressed by the topdown MS approach, in which the mass spectrometer directly measures and fragments intact proteins as a whole. Since its initial introduction, this technique has predominantly been utilized for targeted interrogation of individual proteins or simple protein mixtures. 3−5 Within the past few years, the development of highresolution MS instrumentation, 6, 7 front-end separations, 8−10 and top-down software, 11−13 top-down analysis of various organisms has been reported on a proteomic scale. 14−18 However, these studies still lag behind the capabilities of bottom-up analyses by an order of magnitude in regard to protein identification and require significantly greater sample consumption. Additionally, the multidimensional front-end separations employed by these studies make it difficult to determine the biological context in which these proteoforms function.
An unexplored application that is more in line with the current top-down MS capabilities is the analysis of protein complexes. They are not as complicated as a whole proteome but still present important biological questions about which isoforms and PTMs participate in the complex, particularly in light of regulation by processes such as phosphorylation. These protein complexes are usually obtained by affinity purification, and the low yields as well as the poor purity associated with this kind of sample preparation typically compromises intact protein analysis by the top-down MS approach. The commonly used reversed-phase liquid chromatography (RPLC)-based protein separation often suffers from irreversible protein adsorption to the stationary phase and a relatively high diffusion coefficient leading to high sample consumption and poor separation efficiency and resolution for intact protein separation. These can be better addressed by capillary electrophoresis (CE) separation. With recent developments in interfacing CE to electrospray ionization (ESI)−MS, 19−23 CE has shown its application in bottom-up proteomics with its superior sensitivity and separation efficiency.
24−27 CE has also been explored for top-down analysis of intact model proteins 28, 29 and simple protein mixtures. 30, 31 The Dam1 complex consists of 10 subunits as a stable heterodecamer. It is an essential component of kinetochores in yeast, making a direct contribution to tip attachment and microtubule (MT)-driven movement during mitosis. 32−34 Progression through mitosis is regulated by the activity of protein kinases, although precise kinase−substrate relationships are not completely understood. In vitro kinase assays are one of the primary means of identifying potential phosphorylation sites on substrates by a specific kinase. Previously, in vitro kinase assays have demonstrated that Dam1 can be phosphorylated by multiple mitotic kinases including Mps1p, Ipl1p, and Plo1p. 35−37 Phosphorylation of the protein Dam1 within the complex by Mps1p kinase is necessary for coupling of the kinetochore to the plus-ends of MTs. Mps1p phosphorylation sites on other components of the Dam1 complex have yet to be identified, although a CIEF analysis of the Dam1 complex following in vitro phosphorylation by Mps1p suggested that additional subunits are also substrates of the kinase. 38 Furthermore, analysis of human mitotic protein complexes has demonstrated that most protein complexes are phosphorylated on multiple subunits, and often a few subunits exhibit hyper-phosphorylation. 39 Therefore, it is reasonable to expect that additional subunits of the Dam1 complex may also be substrates of Mps1p.
In this report, we have coupled CE with an LTQ Velos Orbitrap Elite mass spectrometer through the prototype sheathless capillary electrophoresis−electrospray ionization (CESI) interface for the characterization of subunits of the Saccharomyces cerevisiae Dam1 complex as well as their Mps1p phosphorylated forms.
■ EXPERIMENTAL SECTION Reagents and Chemicals
Unless otherwise stated, chemicals were purchased from Thermo Fisher Scientific (Waltham, MA). Deionized (DI) water (18.2 MΩ, Barnstead, Dubuque, IA), hydrochloric acid (Mallinckrodt Chemicals), sodium hydroxide (Sigma-Aldrich), ammonium acetate (Spectrum Chemical MFG Corp), ammonium hydroxide (J.T. Baker), methanol (J.T. Baker), acetonitrile (J.T. Baker), and isopropanol (J.T. Baker) were used for preparations.
Dam1 Complex Preparation and Mps1p Kinase Assay
Saccharomyces cerevisiae Dam1 complex was expressed in Escherichia coli and purified by affinity chromatography as described previously. 40 Saccharomyces cerevisiae Mps1p kinase was prepared as described previously. 38 The Dam1 complex was phosphorylated in 50 mM HEPES buffer, pH 7.2, containing 25 mM MgCl 2 , 10 mM ATP, 150 mM NaCl, 10.9 mM NaPO 4 , 120 mM imidzaole, 4 μM Dam1 complex, and 80 nM Mps1p kinase in a 25 μL reaction volume. The reaction was incubated at 30°C for 90 min.
CE Separation of Intact Proteins
Prototype fused-silica CE capillaries (90 cm length, 30 μm ID, 150 μm OD) with a 3 cm porous tip for electrospray were obtained from Beckman Coulter, Inc. (Brea, CA). The CE capillary was positively coated using polyethylenimine (PEI) as described in U.S. Patent 6923895. CE separations were performed on a PA 800 Plus Pharmaceutical Analysis System (Beckman Coulter, Inc.). The CE capillary with a 3 cm long porous segment at one end was inserted into a sprayer interface and enabled the electric contact through a conductive liquid delivered by a second capillary. For the Dam1 complex experiments, 5% acetic acid (HAc) with 5% isopropanol (IPA) was used as the background electrolyte (BGE) buffer as well as the conductive liquid. The protein complex samples (400 ng/ μL) were first loaded into the CE capillary using 5 psi pressure for 10 s, followed by BGE injection for 10 s at 5 psi. Under the current experimental conditions, 5 psi loading pressure corresponds to a loading rate of ∼38 nL/min. The separation was then conducted by applying −30 kV to the injection end and 1.5 kV at the electrospray tip. DI water and methanol were used to rinse the capillary between runs.
Reversed-Phase Liquid Chromatography Separation of Intact Proteins
Protein samples were pressure-loaded onto a fused silica capillary tubing (75 μm i.d., with a 5 μm pulled tip) packed with 12 cm of PSDVB resins (PolyRP, 5 μm, 1000 Å, Sepax Technologies). The Agilent 1200 HPLC pump (Palo Alto, CA) was operated with a flow split to elute proteins at a constant flow rate of 300 nL/min using the flowing gradient: 5% buffer B (80% acetonitrile, 20% water, 0.1% formic acid) at start, 20% buffer B at 5 min, 65% buffer B at 50 min, 100% buffer B at 55 min, and 5% buffer B at 60 min.
Top-Down Mass Spectrometry and Data Analysis
An LTQ Velos Orbitrap Elite (Thermo Scientific) was used for top-down MS analysis. Orbitrap automatic gain control (AGC) target values for MS1, MSn, and SIM scans were 1E6. For the molecular weight profiling experiment for the Dam1 complex, four SIM scans (200 m/z window, 20 microscans, 120 000 resolving power at m/z = 400) were used to cover the mass range of 675−1450 m/z. For MS/MS experiments, fragmentation was performed in a data-dependent fashion (top 1−3 precursors from MS1 or SIM scans) with higher-energy collisional dissociation (HCD) and collision-induced dissociation (CID, 5 m/z isolation window, 10−50 microscans, 60 000 or 120 000 resolving power at m/z = 400). Dynamic exclusion was enabled with a repeat count of two, an exclusion duration of 180 s, and a repeat duration of 60 s. For HCD, the normalized collision energy setting was 15−30%, while CID used 41%.
The top-down MS/MS database searching was performed with ProSightPC 3.0 (Thermo Scientific). CID and HCD spectra were converted to monoisotopic masses using Xtract and searched against a database made via shotgun annotation 41 from the Saccharomyces cerevisiae Uniprot release 2012_10. The database contained 9703 basic protein sequences with 32 343 protein forms considering N-terminal acetylation and initial methionine cleavage as well as annotated PTMs. Searches were performed using a tiered, iterative absolute mass search logic that used a 20 ppm window followed by a 200 Da window of precursor mass values for protein-spectrum matches with Evalue scores less than 10 −4 in the 20 ppm search. Fragment ion tolerance was 15 ppm using monoisotopic masses.
Identification of Phosphorylation Sites by Bottom-Up and Middle-Down Mass Spectrometry
For bottom-up analysis, the Mps1p treated Dam1 complex proteins were either digested with trypsin (Promega) followed by a modified 10-step MudPIT analysis 42 or went through a double digestion with trypsin (Promega) and chymotrypsin (Promega) followed by a TiO 2 -based phosphopeptide enrichment 43 and analyzed by a 4 h gradient RPLC−MS/MS. In both cases, the peptide mixtures were separated using an Agilent 1200 quaternary high-performance liquid chromatography (HPLC) pump (Agilent Technologies) and analyzed by an LTQ Orbitrap XL mass spectrometer (Thermo Scientific). Briefly, a cycle consisted of one full scan mass spectrum (300− 1600 m/z, 1 microscan, AGC = 1E6, 120 000 resolving power at m/z = 400) followed by 10 data-dependent CID MS/MS spectra (one microscan, AGC = 1E4 in the ion trap, 2 m/z isolation window, normalized collision energy at 35%). Application of mass spectrometer scan functions and HPLC solvent gradients were controlled by the Xcalibur data system (Thermo Scientific).
Protein identification was done with Integrated Proteomics Pipeline−IP2 (Integrated Proteomics Applications, Inc., San Diego, CA. http://www.integratedproteomics.com/) using ProLuCID and DTASelect2. MS/MS spectra were extracted using RawXtract (version 1.9.9). 44 MS/MS spectra were searched with the ProLuCID algorithm 45 against a Saccharomyces cerevisiae database concatenated to a decoy database in which the sequence for each entry in the original database was reversed. 46 The ProLuCID search was performed using differential modification of serine and threonine due to phosphorylation (79.9663). No enzymatic cleavage conditions were imposed on the database search. ProLuCID search results were assembled and filtered using the DTASelect (version 2.0) algorithm. 47 The peptide identification false positive rate was kept below one percent, and all peptide-spectra matches had less than 10 ppm mass error. After database searching and DTASelect2 filtering, we used DeBunker 48 and Ascore 49 to further validate phosphorylation identifications and localizations. A DeBunker score ≥ 0.5 suggests that the phosphorylation identification is valid. An Ascore value ≥ 20 indicates the phosphorylation site is localized with 99% certainty, and ≥ 13 for 95% certainty. Ascore and DeBunker analyses were done through the IP2 software.
For middle-down analysis, the Mps1p treated Dam1 complex proteins were digested with OmpT as described previously. 50 The resulting peptide mixtures were separated by RPLC as described for intact protein separation. Samples eluted from RPLC were analyzed with an LTQ Orbitrap Velos mass spectrometer (Thermo Scientific) using a data-dependent topthree method. CID or HCD was applied with 4 m/z isolation window and normalized collision energy of 41% and 35%, respectively. For MS1, four microscans at 60 000 resolving power at 400 m/z were used with a target value of 1E6 and scan range of m/z 500−2000 in the Orbitrap. For MS2, four microscans at 30 000 resolving power were used with a target value of 5E5 in the Orbitrap. The data processing procedure for middle-down proteomics analysis was done the same way as for bottom-up data analysis described previously, extracted with RawXtract, searched with ProLuCID, and filtered with DTASelect2 on IP2. The ProLuCID search was performed using differential modification of serine and threonine due to phosphorylation (79.9663) under fully tryptic cleavage condition. The PSMs were filtered with 10 ppm peptide mass a a MS1 spectra detected but EIE peak cannot be extracted due to the low abundance, resulting in too few data points for constructing an EIE peak accurately.
tolerance, and the peptide identification false positive rate was kept below one percent.
■ RESULTS AND DISCUSSION

CE Is Effective and Sensitive for Intact Protein Separations
Capillary electrophoresis is a powerful separation technique that has advantages such as high separation efficiency and short analysis time as well as low sample consumption. However, the use of CE−MS in proteomics is not as popular as LC-based techniques. One of the main reasons is the difficulty and lack of robustness associated with the CE−MS interface. The development of different CE−MS interfaces has begun to facilitate the successful application of CE−MS in proteomics. [20] [21] [22] [23] [24] [25] [26] [27] [28] 51, 52 In this study, we have applied the prototype CESI interface developed by Beckman Coulter Inc. to intact protein complex separation and top-down MS analysis. To prevent protein− capillary wall interactions, the CESI capillary inner surface was positively coated with PEI. The BGE buffer, including the buffer ionic strength as well as the organic modifier, was optimized for effective separation of the individual protein subunits of the Dam1 complex ( Figure S1 , Supporting Information). Among the BGEs tested, 5% acetic acid with 5% isopropanol gave the best protein separation as well as sensitive MS detection and therefore was chosen for the rest of the study. As shown in Figure 1 , panel A, CE enabled effective separation of the individual proteins with a total loading of 2.5 ng (12 amol) of the Dam1 complex. The signal-to-noise ratio (S/N) of the protein peaks calculated by the XCalibur software (Table S1 , Supporting Information) ranged from 11 (peaks 2,3) to 629 (peak 7). Also shown in Figure 1 , panel C are the individual protein spectra detected by the LTQ mass spectrometer indicating the charge state distribution of each protein subunit and demonstrating the separation efficiency of CE. We also conducted LC separations of the Dam1 complex using an in-house packed reversed-phase column ( Figure 1B ) and were able to detect eight of the 10 protein subunits at similar S/N ratios (Table S1 , Supporting Information).
However, the total sample required was 250 ng, which is 100-fold more than that required for CE-based separation. CE separation combined with LTQ detection was able to reproducibly detect nine of the 10 protein subunits, missing Dad1, a small and acidic protein (MW = 10512 Da, pI = 4.3), whereas the LC-based separation had difficulty detecting larger proteins (Dam1p and Spc34p), probably due to irreversible protein adsorption onto the stationary phase. Moreover, LCbased separation had difficulty baseline resolving some of the protein subunits, which led to protein coelution and made the downstream MS characterization of the individual proteins challenging. Overall, CE showed better separation efficiency and resolution with 100-fold less sample consumption compared to an LC-based intact protein separation.
Intact Molecular Weight Measurements and N-Terminal Processing Determination of the Dam1 Complex Subunits
By utilizing the optimized separation conditions obtained by CE, we further conducted CE−MS analysis using the LTQ Velos Orbitrap Elite. The Orbitrap mass analyzer was used at a mass resolution of 120 000 (at m/z = 400) for intact protein mass detection. Table 1 lists the detected masses of the 10 protein Dam1 complex subunits. Compared to the database reported masses, the average mass accuracy is 1.84 ppm. With the advantage of this accurate mass detection, we were able to identify different proteoforms associated with each of the protein subunits (Table 1) . For example, N-terminal methionine excision (NME) forms were detected for Hsk3p and Spc19p as well as their nonprocessed forms; Spc34p and Dam1p were detected only in their NME form; and both the N-terminal acetylated form as well as the nonprocessed form were detected for Dad1p, while Duo1p shows a single NME form with acetylation. Figure 1 , panel C (inset) shows two distinct protein envelopes for Spc19p, the deconvoluted mass of the minor protein envelopes matches well with the sequence predicted mass of Spc19p, while the major protein envelopes correlate with the NME form. 
Phosphorylation Comparison of the Mps1p-Treated versus Untreated Dam1 Complex
Phosphorylation of the protein Dam1p within the complex by the Mps1p kinase has been studied previously and shown to play an important role in regulating the molecular switch for coupling kinetochores to the plus-ends of MTs. 35 However, the phosphorylation of the other subunits within the complex by Mps1p kinase is not well-studied, although it is known that another mitotic kinase, Ipl1p, phosphorylates multiple sites on four of the subunits of the Dam1 complex (Ask1p, Dam1p, Spc34p, and Spc19p). 36 Previously, a capillary isoelectric focusing (CIEF) analysis of the Dam1 complex was able to separate two different phosphorylation states from an in vitro kinase assay with Mps1p kinase, 38 although the nature of these two states was not investigated. Further analysis with MS is necessary to elucidate the phosphorylation stoichiometry within the entire Dam1 complex. Under similar reaction conditions to the previous study, the Mps1p kinase (90 min incubation) was capable of phosphorylating six subunits of the Dam1 complex. The CE electropherogram and RPLC chromatogram for the separation of the Mps1p kinase-treated Dam1 complex subunits compared to the untreated sample are shown in the Figure S2 of the Supporting Information. The data indicate that this charge-influencing PTM (especially hyper-phosphorylation on some subunits) affected the CE separation in terms of retention time and peak shape/intensity as phosphorylated and nonphosphorylated proteins carry different charges and masses that render different electrophoretic mobilities. To examine specific subunits in greater detail, the comparison of mass spectra of the Mps1p-treated and untreated samples for the subunits Dad1p and Duo1p is shown in Figure 2 . Upon Mps1p treatment, Dad1p showed a single phosphorylated form, although the residual presence of the unphosphorylated form indicated that the in vitro reaction was not complete (Figure 2A,B) . In contrast, the kinase treatment generated multiple phosphorylated forms (mainly 1P to 5P) of Duo1p with no detectable unphosphorylated form (Figure 2C,D) . This suggests that Duo1p is a better Mps1p substrate than Dad1p. For further phosphorylation analysis, we also plotted the extracted ion electropherogram (EIE) for the different phosphorylation states of each of the subunits. Figure 3 is an example EIE for the Duo1p major phosphorylated forms. The elution time clearly shows a partial separation of Duo1p forms with different numbers of phosphorylation events, with the more phosphorylated form (4P for Duo1p in Figure 3 ) eluting earlier than the less phosphorylated ones. The reason for this is that CE separates analytes according to their mass and charge differences, and phosphorylation increases both the total protein mass and more importantly the overall negative charge, which results in a change in electrophoretic mobility and thus the CE separation of protein forms with different numbers of phosphorylation events. Using the EIEs constructed from protein forms with different numbers of phosphorylation events, the peak area was calculated and used as an estimation of the overall phosphorylation stoichiometry upon treatment with Mps1p (Table 1) .
In summary, this intact protein molecular weight profiling provided information on the proteoforms for each of the Dam1 complex subunits and showed diverse phosphorylation stoichiometry of six proteins within the complex (Table 1) .
Identification of Phosphorylation Sites of the Dam1 Complex
Initially, top-down tandem MS was applied to localize the phosphorylation sites at the intact protein level. This efficiently identified a phosphorylation site (T87) on the singly phosphorylated protein Dad1p (10 kDa) (Figure 4 ) with 100% sequence coverage and 44% cleavage percentage (proportion of the number of observed interresidue cleavages considering all ion series among the total number of interresidue bonds in the protein). This also identified a phosphorylation site near the N-terminus of the protein Duo1p (27 kDa), although no site-determining cleavage event was observed to pinpoint the exact phosphorylation site, either S10 or T11. For some other proteins, top-down MS/MS was only able to localize the sites of phosphorylation down to certain regions rather than individual amino acids. This was partially due to the relatively low phosphorylation stoichiometry of some proteins (Spc19p and Spc34p) for which online precursor isolation failed to isolate enough precursor ions to generate good quality MS/MS spectra. The relatively large protein size (>27 kDa) poses an additional challenge for intact protein MS/ MS efficiency in an electrophoregraphic time-scale. Both the CID and HCD fragmentation techniques available on our instrument were used in this study. They showed similar fragmentation efficiency for unmodified smaller proteins of the Dam1 complex, although HCD provided better fragmentation efficiency for large proteins with varying collision energies (Table S2 , Supporting Information). These fragmentation Figure 3 . EIEs of the four major phosphorylation forms (1P, 2P, 3P, 4P at charge state 36+) for Duo1p following in vitro Mps1p kinase treatment. The MS detection was done with LTQ full scan mode, and the window of ±0.2 amu was used for peak extraction. The integrated peak areas were used for phosphorylation stoichiometry calculations in Table 1. techniques tend to cleave at the protein termini, which leaves the center of the protein intact. 5 The nonergodic electron capture dissociation and electron transfer dissociation (ECD/ ETD) technique and in-source fragmentation (prefolding dissociation) method 5 may be able to overcome the intractability of large proteins with conventional slow-heating iondissociation methods. Although the latter technique might not be helpful in the case of phosphorylation site mapping of coeluting multiply phosphorylated protein species.
Given the limitations of top-down MS/MS in mapping phosphorylation sites on the larger subunits of the Dam1 complex, bottom-up mass spectrometry was applied with either MudPIT analysis or TiO 2 -based phosphorylation enrichment analysis. This identified and confidently localized 22 phosphorylation sites (Table S3 , Supporting Information) on the same six subunits of the Dam1 complex shown to be phosphorylated using the top-down MS approach. There were an additional 11 potential phosphorylation sites identified on these proteins with poor localization scores. For the extensively phosphorylated proteins (Duo1p, Ask1p, and Dam1p), the bottom-up MS method revealed many phosphorylation sites, some of which appeared on multiply phosphorylated peptides. Bottom-up MS experiments provided high sequence coverage of all Dam1 complex subunits. However, for Duo1p, the number of phosphorylation sites identified was less than that inferred by top-down MW measurements ( Table 2) . The "missed" sites may be a result of low spectra count coverage of specific sequences within a protein.
To provide better coverage of the missing sequences from the top-down and bottom-up MS approaches, a middle-down strategy was applied. We chose OmpT to produce large peptides because of its robust and restricted proteolysis as demonstrated by the Kelleher lab. 50 This method revealed new phosphorylation sites on several proteins (Table 2; Table S4 , Supporting Information). Overall, the combination of topdown, bottom-up, and middle-down MS approaches has resulted in extensive mapping of in vitro phosphorylation sites on six subunits of the Dam1 complex. Among these, for the Dam1 protein, six sites (S13, S49, S217, S218, S221, and S232) were previously identified. Phosphorylation of two of the sites (S218 and S221) is required to target kinetochores to the plus-ends of MTs. 35 For Duo1p, Ask1p, and Dam1p, the total numbers of phosphorylation sites identified (9, 18 , and 18, respectively) were more than inferred by top-down MW measurements (6, 8 , and 9, respectively). The reason for this discrepancy may be that not all possible phosphorylation sites are phosphorylated on any individual protein molecule. Alternatively, the heavily modified proteoforms may be of very low abundance and below the detection limit. And since we are studying the protein complex under denaturing conditions, the identified phosphorylation sites only reflect the overall effect of phosphorylation on each subunit instead of the whole complex; a previous native CIEF study 38 suggested that there are at least two different phosphorylation states of the Dam1 complex.
■ CONCLUSIONS
The in-line separation of intact proteins by CE prior to topdown mass spectrometric analysis is very suitable to analyze protein complexes that are moderately complex with very low sample consumption. This provides evidence for the biologically relevant proteoforms present within the protein complex. Top-down MS is well-suited to characterize protein variants, splice isoforms, and PTM stoichiometry. Bottom-up and middle-down MS provide complementary information regarding the site localization of PTMs.
■ ASSOCIATED CONTENT * S Supporting Information Figure S1 : Optimization of CE separation of Dam1 complex subunits. Figure S2 : Electropherograms of CE separation and chromatograms of RPLC separation of Dam1 complex under no kinase treatment and Mps1 kinase treatment. Table S1 : The signal-to-noise ratio (S/N) of each Dam1 complex subunit detected in CE−MS and RPLC−MS experiments. Table S2 : Number of fragments in CID and HCD spectra for each subunit of the Dam1 complex. 
